Experiments explored the influence of amplitude modulation and spatial separation on detectability of a broadband noise target masked by an independent broadband noise. Thresholds were measured for all combinations of six spatial configurations of target and masker and five modulation conditions. Masker level was either fixed ͑Experiment 1͒ or roved between intervals within a trial to reduce the utility of overall intensity as a cue ͑Experiment 2͒. After accounting for acoustic changes, thresholds depended on whether a target and a masker were colocated or spatially separated, but not on the exact spatial configuration. Moreover, spatial unmasking exceeded that predicted by better-ear acoustics only when modulation cues for detection were weak. Roving increased the colocated but not the spatially separated thresholds, resulting in an increase in spatial release from masking. Differences in both how performance changed over time and the influence of spatial separation support the idea that the cues underlying performance depend on the modulation characteristics of the target and masker. Analysis suggests that detection is based on overall intensity when target and masker modulation and spatial cues are the same, on spatial attributes when sources are separated and modulation provides no target glimpses, and on modulation discrimination in the remaining conditions.
I. INTRODUCTION
The extent to which one sound source masks another depends to a large degree on how similar the two sources are in characteristics such as their spectral profile, temporal structure, and spatial location. While a fair amount is known about how these individual characteristics affect the ability to detect and understand a masked target, relatively little is known about how these characteristics interact. In everyday situations, listeners often are faced with the task of understanding one complex, fluctuating signal in the presence of similar, complex signals from different locations, such as understanding one talker in the presence of competing talkers. If we are ever to understand perception in everyday situations, we must explore how source characteristics such as spectral content, amplitude fluctuations over time ͑modula-tion͒, and spatial location jointly affect perception. This paper considers the individual and combined effects of two stimulus characteristics: modulation structure and spatial location. A priori, one might imagine that the two variables are redundant with one other, so that there is no added benefit when spatial cues in a target and a masker differ if they already differ in their modulation structure ͑and vice versa͒. Alternatively, it is possible that masking effects related to temporal modulation and spatial location are largely independent of one another and that effects of the two attributes are additive. Finally, it is possible that differences in temporal modulations actually facilitate the effectiveness of spatial cues in releasing masking, or vice versa, resulting in superadditivity of their individual effects. This study investigates these alternative possibilities using a detection task with simple broadband noise targets and maskers by manipulating both temporal and spatial characteristics independently and jointly.
Several previous studies looked at spatial release from masking ͑SRM͒ for nonspeech stimuli that fluctuated over time. The target stimuli in these studies ranged widely, including click trains ͑Saberi et al., 1991; Gilkey and Good, 1995; Good et al., 1997͒, chirp trains ͑Lane et al., 2004 , and pulsed 1 / 3-octave bands of noise ͑Zurek et al., 2004͒. However, none of these studies looked at how modulation influences SRM.
Other studies examining the relationship between modulation and spatial processing in masked detection tasks differed substantially in approach and the specific questions addressed, making it difficult to compare results across studies. For example, some explored comodulation and binaural masking release ͑van de Par and Kohlrausch, 1998; Hall et al., 2006͒ while others looked at monaural and interaural level discrimination ͑Stellmack et al., 2005͒, the interaction between modulation detection interference and spatial processing ͑Sheft and Yost, 1997͒, or the equivalence of binaural processing of low-frequency fine time structure versus high-frequency envelope structure ͑Bernstein and Trahiotis, 1994; van de Par and Kohlrausch, 1997; Bernstein and Trahiotis, 2002͒ . Physiological data from the cat inferior colliculus ͑IC͒ suggest that binaural cues in the temporal envelope contribute to SRM ͑Sterbing et al., 2003; Lane and Delgutte, 2005͒ . However, some psychophysical studies suga͒ gest that the stimulus temporal envelope does not affect SRM. For example, binaural detection thresholds obtained for a harmonic tone complex and broadband noise targets are very similar, despite dramatic differences in their envelopes ͑van de Par et al., 2004͒. Overall, these studies do not provide a consistent account of how spatial cues and modulation jointly affect detection of a target embedded in noise.
Some work suggests that the influence of modulation on masked target detection depends on whether the target or the masker is modulated. For example, when listeners must detect a target embedded in maskers, reaction times depend less strongly on the number of distractors when the target is amplitude modulated and the maskers are unmodulated than when the target is a pure tone and the maskers are amplitude modulated ͑Asemi et al., 2003͒. This asymmetry suggests that the modulated target is more likely to "pop out" of the background of unmodulated maskers than the reverse, making detection of a modulated target robust to the addition of interferers. In comodulation masking release ͑CMR͒ studies, adding off-target-frequency components that are modulated identically with the on-frequency masker improves the detectability of an unmodulated target ͑Hall et van de Par and Kohlrausch, 1998; Winter et al., 2004͒ . However, we know of no studies reporting a corresponding benefit of increasing masker bandwidth when the target, rather than the masker, is modulated, so it is possible that there is a perceptual asymmetry between modulating the target versus modulating the masker in such situations, as well.
II. EXPERIMENTS AND HYPOTHESES
Two experiments were performed to study how modulation and spatial location of the target and masker affect target detection. Both target and masker were broadband noises that were either unmodulated or sinusoidally amplitude modulated ͑SAM͒. As a result, across-channel processing and across-frequency grouping were likely to contribute to performance. Moreover, for these broadband targets and maskers, listeners could not detect the target by using spectral sidebands ͑as might be the case when the target is a SAM tone; Dau and Ewert, 2004͒ and the opportunity to use profile analysis ͑Green, 1988͒ was minimized ͑because of the similarity of the target and masker spectral profiles͒.
A single modulation frequency ͑40 Hz͒ was used throughout the study, chosen both because humans are fairly sensitive to modulation at this frequency ͑Viemeister, 1979͒ and because responses of space-sensitive IC neurons are affected by modulation at this frequency ͑Lane and Delgutte, 2005͒.
Spatial separation of a broadband target from a broadband masker results in a frequency-dependent change in the target-to-masker energy ratio ͑TMR͒ at the ears. The resulting TMR profile as a function of frequency varies from one target/masker configuration to another, so that TMR should affect performance differently for different spatial configurations of the target and masker. The contribution of binaural processing to target detection should therefore depend on spatial configuration. In particular, if the TMR profile is such that the most favorable TMRs are at low frequencies, then interaural time difference ͑ITD͒ processing is likely to contribute to detection ͑Kopco and Shinn-Cunningham, 2003͒. On the other hand, if the most favorable TMRs are at high frequencies, then the contribution of ITD processing to performance is likely to be smaller. Finally, the contribution of across-frequency integration to detection, if any, is likely to be larger when the TMR is similar across frequency than when the TMR is very large in one band and small in others. As a result, the relative contribution of different detection cues ͑e.g., changes in overall energy and interaural decorrelation͒ also is likely to vary from one target/masker configuration to another.
Three different spatially separated configurations were included in this study to evaluate whether the interaction of modulation and spatial cues depends on the specific target/ masker configuration. Specifically, in one of the chosen configurations the maximum in the TMR profile was in a lowfrequency region, while in the remaining configurations it was at high frequencies.
As described above, the way in which modulation and spatial configuration interact is poorly understood. The current experiments were designed to explore how these cues jointly affect performance. If the processing of the two cues is strictly serial then the effects of the cues should be additive. This would occur if ͑1͒ spatial processing improves the effective TMR of the signal prior to any modulation processing, ͑2͒ modulation processing operates on the output of the spatial processing stage, and ͑3͒ detection is based on the output of the modulation processing. If the two cues both work to help listeners perceptually segregate the target from the masker, then the cues may be redundant. Specifically, if differences in modulation of the target and masker are sufficient to segregate the target and masker, then providing additional spatial cue differences in the target and masker might not improve performance. In this case, the benefits of modulation and spatial cue differences would be less than additive. Alternatively, if spatial cue differences are necessary for modulation differences to be useful ͑or vice versa͒, then the effects of differences in the two cues may be superadditive.
In addition to exploring whether the two cues are additive, subadditive, or superadditive, we tested two specific hypotheses about how source modulation structure and source location affect detection for broadband signals.
H1. The effect of modulation on SRM will depend on whether the target, the masker, or both target and masker are modulated ͑e.g., see the results of Asemi et al., 2003͒. H2. The effect of modulation on detection threshold will depend on spatial configuration because the relative importance of individual cues changes with spatial configuration. ͑1͒ When the best TMR occurs in low frequencies, ITD processing will be relatively influential on performance. ͑2͒ If perceived location rather than ITD processing is the critical factor in determining how spatial cues contribute to detection, performance will depend on whether or not the target and masker are spatially separated, but not on the exact spatial configuration. ͑3͒ When TMR is relatively constant with frequency, across-frequency integration is likely to contribute to detection.
Experiment 1 was performed with the masker noise presented at a fixed level. However, overall stimulus level may be the primary cue for detection when the target and masker are similar in their spectrotemporal structure and spatial cues, and therefore likely to be perceived as one unitary object from a particular location. To reduce the efficacy of overall level, Experiment 2 roved the masker level from interval to interval within each trial.
III. METHODS

A. Subjects
Seven subjects ͑four female and three male, including author N.K.͒ participated in Experiment 1. Seven subjects ͑three female and four male, two of whom participated in Experiment 1͒ participated in Experiment 2 ͑Experiment 2 was conducted almost a year after Experiment 1, so it is unlikely that learning from Experiment 1 transferred to Experiment 2 for the two subjects who performed both experiments͒. All subjects had normal hearing ͑confirmed by an audiometric screening͒, with ages ranging from 23-32 years.
B. Stimuli
The target and masker stimuli were both broadband noises with flat spectrum between either 0.3 and 8 kHz ͑tar-get͒ or 0.2 and 12 kHz ͑masker͒, generated using a MATLAB implementation of the Butterworth bandpass filter ͑39th order for target and 33rd order for masker͒ with a stopband attenuation of 60 dB and stopband frequencies of 0.2-10.05 kHz ͑target͒ and 0.1-14 kHz ͑masker͒. The 200-ms-long target s T ͑t͒ was temporally centered on the masker s M ͑t͒, which had a duration of 300 ms. Both target and masker were ramped at onset and offset by 30 ms cos 2 ramps. Modulation, if present, was sinusoidal with a frequency of 40 Hz and depth m = 0.5 and had a random initial phase chosen from ten possible phases ͑ =2j / 10, j =1, ... ,10͒. The stimuli were of the form
where i = T for the target and i = M for the masker, k is the trial number, n i,k ͑t͒ is a random bandpass-filtered noise token, and A i is a scaling factor that determines the stimulus presentation level. The same five modulation conditions were explored in both experiments: no modulation
Modulation increases the long-term rms energy of a signal by a factor of ͑1+m 2 ͒ −0.5 . For the modulation depth and form used here, modulation increases the rms energy of the modulated signal by approximately 0.5 dB. All results were corrected for this rms energy effect by scaling the measured thresholds and reporting thresholds in units of TMR.
Space was simulated using pseudoanechoic nonindividualized head-related impulse responses ͑HRIRs͒ recorded at four locations ͑−45°, 0°, 45°, and 90°, left to right͒ at a distance of 120 cm from the center of the head, using miniature microphones placed at the entrance of the ear canals of a female listener who did not participate as a subject in this study ͑see , for a full description of these HRIRs͒. Five spatial configurations were explored in Experiment 1: two with the sources colocated at 0°o r −45°and three with the sources spatially separated ͓͑T at 90°, M at 0°͒, ͑T at 0°, M at 90°͒, and ͑T at 45°, M at −45°͔͒. An additional colocated condition ͑90°͒ was added in Experiment 2 to create three matching pairs of colocated and separated spatial configurations.
In both experiments, the average level of the masker was the same in all trials, prior to processing by the HRIRs ͑which altered the level of the signals reaching the ears͒. Therefore, because of HRIR processing, there were frequency-dependent variations in the signals reaching the ears across the different masker locations ͑graphs in Fig. 2 can be used to estimate how the received masker level changed at the two ears͒. For the masker at 0°, the maximum masker level received at the ears was 61 dB sound pressure level ͑SPL͒. In Experiment 1, the masker level was constant across the three intervals within a trial, while in Experiment 2 the masker level was roved independently in each interval by a value uniformly distributed between Ϯ5 dB ͑the target, if present, was roved with the masker, which kept constant the TMR measured prior to HRIR processing͒.
Stimulus files, generated off-line at a sampling rate of 50 kHz, were stored on the hard disk of a control computer ͑IBM PC compatible͒. Ten random noise tokens were pregenerated to be used as targets and another ten tokens were produced to be used as maskers in this study ͑i.e., target and masker were always independent samples of noise͒. These 20 tokens were bandpass filtered ͑10 by the target filter and 10 by the masker filter, which had a slightly wider passband͒, modulated ͑by 1 of 10 modulation envelopes, differing in initial phase͒, and HRIR filtered ͑by an HRIR corresponding to locations of −45°, 0°, 45°, or 90°͒ to produce 440 target stimuli ͓10 tokensϫ ͑10 modulation envelopes + no modulation͒ ϫ 4 locations͔ and 440 similar masker stimuli. On each trial, three different masker tokens and one target token were randomly selected, scaled, and concatenated into a stimulus file that contained three masker intervals with the target randomly added to the second or the third interval.
TDT System 3 hardware was used for D/A conversion. The result was amplified through a TDT headphone buffer and presented via Etymotic Research ER-1 insert earphones ͑with approximately flat frequency response in the range 100 Hz-15 kHz͒. No filtering was done to compensate for the transfer characteristics of the playback system. A simple alphanumeric interface in MATLAB was used to give instructions to subjects, gather responses, and provide feedback. The subject indicated the perceived target interval by hitting the appropriate numeric key ͑"2" or "3"͒ on the computer keyboard. Experiments were performed in a single-walled sound-treated booth.
C. Experimental procedure
Each trial consisted of three intervals, each of which contained a masker. Either the second or the third interval ͑randomly chosen with equal probability on each trial͒ also contained the target. The intervals were separated by 50-ms-long silent gaps. Subjects performed a twoalternative, forced-choice task in which they were asked to identify which interval, the second or the third, contained the target. Correct-answer feedback was provided at the end of each trial.
A three-down-one-up adaptive procedure was used to estimate detection thresholds ͑Levitt, 1971͒, defined as the 79.4% correct point on the psychometric function. Each run started with a description of the measurement condition of the run ͑e.g., written instructions might read "In this run, the target is modulated and the distractor is not modulated, the target comes from an azimuth of 0°and the distractor from 90°. Next, you will hear a sample of the noise distractor that you should ignore, followed by the target that you should identify. Hit RETURN to hear the sample."͒. The subject could listen to the sample repeatedly until he/she was confident that he/she understood the task.
The staircase measurement procedure started with the target presented at a clearly detectable level and continued until 11 "reversals" occurred. The target level was changed by 4 dB on the first reversal, 2 dB on the second reversal, and 1 dB on all subsequent reversals. For each adaptive run, detection threshold was estimated by taking the average target presentation level over the last six reversals.
Each of the two experiments consisted of six 1 h sessions performed on different days ͑the first session of each experiment was a practice session, serving to familiarize the subjects with the experimental procedure͒. In each session, the thresholds were measured for all combinations of spatial and modulation conditions ͑25 thresholds in Experiment 1 and 30 in Experiment 2͒, with the order of conditions randomized between sessions and between subjects. One adaptive run took approximately 2 -3 min to complete.
Informal interviews of the listeners confirmed that at moderate to high TMRs, listeners found it very easy to interpret the two simulated stimuli as a target noise and a distractor noise coming from the indicated locations with the described modulation characteristics ͑as opposed to hearing them as one combined noise͒. This was likely the case because of the following: ͑1͒ at the beginning of the experiment, the subjects were given a detailed description of the stimulus combinations they should expect; ͑2͒ prior to each adaptive run, listeners had the opportunity to familiarize themselves with the target and masker stimuli presented separately before they heard them combined; and ͑3͒ the procedure started with both the target and the masker clearly audible. It is difficult to know whether or not the listeners perceived the two stimuli as separate objects when the target level was near the threshold. However, none of the subjects reported any difficulty performing the task ͑for example, none of them reported being confused about what to listen for in order to detect the target͒.
IV. RESULTS AND ANALYSIS
A. Experiment 1: Fixed masker level
Overall results
Panels A, B, and C in Fig. 1 present the data collected in Experiment 1, with the masker level fixed ͑Panels D, E, and F show the data from Experiment 2, discussed in Sec. IV B͒. The data are plotted as a function of the masker location ͑indicated by the position of the letter "M" in the icons along the abscissa͒. Two spatial configurations are plotted for each masker location, one with the target and masker colocated ͑open symbols͒ and one with the target displaced from the masker ͑filled symbols͒.
1 The spatially separated target was at the location indicated by the filled letter "T" in the icons along the abscissa. The thresholds for different modulation conditions are represented by different symbols. Figure 1͑a͒ shows the across-subject mean and standard deviation of the TMR at detection threshold ͑lower values correspond to better performance͒. Thresholds varied by more than 20 dB, depending on the spatial configuration and modulation condition. For a given modulation condition and masker location, performance when the target and masker were spatially separated ͑filled symbols͒ was always better than when they were colocated ͑open symbols͒, revealing robust SRM. The colocated thresholds for target and masker at 0°and −45°were nearly identical, suggesting that the exact spatial configuration of the target and masker was not important as long as the sources were colocated ͑this observation, based on the two configurations in Experiment 1, is further supported by the results of Experiment 2 in which three colocated thresholds were measured͒. In contrast, the spatially separated thresholds were strongly influenced by the specific target and masker locations: performance was worse with the masker at 0°than with the masker at −45°or 90°͓compare the leftmost group of filled symbols in Fig.  1͑a͒ to the center or the rightmost groups͔. Within each spatial configuration, the no-modulation, inphase comodulation, and target-only modulation ͑circles, triangles, and squares, respectively͒ thresholds were generally comparable, and these thresholds were higher ͑performance was worse͒ than the remaining thresholds. Masker-only modulation yielded improvements in performance ͑penta-grams fall below circles͒, while out-of-phase modulation of the target gave the lowest thresholds ͑hexagrams tend to fall below pentagrams͒.
A three-way repeated-measures analysis of variance ͑ANOVA͒ was performed with factors of modulation, spatial separation ͑colocated versus separated͒, and masker location ͑0, −45°͒, paralleling the layout of Fig. 1͑a͒ . The ͑M 90°, T 0°͒ configuration was omitted because it had no corresponding colocated measurement. This statistical analysis found a significant modulationϫ separation interaction ͑F 4,24 = 7.63, p = 0.0004͒, a significant separationϫ masker location interaction ͑F 1,6 = 950, p Ͻ 0.0001͒, and significant effects of all three main factors ͑p Ͻ 0.0001͒. Notably though, neither the interaction between modulation and masker location nor the three-way interaction was significant ͑p Ͼ 0.1͒. These results suggest that, although overall performance and the effect of separation depend on spatial configuration, at least for the spatial configurations explored in this study, the effect of modulation on the thresholds is similar within each spatial configuration rather than varying with target and masker locations.
Energy effects in 1/3-octave bands
One factor contributing to the large spatial benefits and to the dependence of these improvements on spatial configuration is the better-ear advantage, arising from the changes in the level at which the stimuli are received at the left and right ears when target and masker are spatially separated. In general, spatial separation of the target and masker sources produces a larger TMR at one of the ears ͑the "better ear"͒, and a smaller TMR at the other ear, compared to when the sources are colocated ͑where the TMR is equal at the two ears͒. To explore the extent to which changes in TMR at the acoustically better ear could account for the observed spatial unmasking, we calculated the TMR in each of the signals reaching the listeners' two ears as a function of frequency.
For each spatial configuration, we selected a target and a masker processed by the appropriate HRIRs and filtered both target and masker into 22 log-spaced 1 / 3-octave signals per ear ͑ANSI, 1986͒. In this analysis, the target and masker were set to have the same level prior to spatial processing. ͑Note that the effects of spatial processing on the TMR at the ears are identical for all modulation conditions.͒ The resulting frequency-dependent TMRs show the proper correction needed, at each frequency, to calculate the TMR at detection threshold in each of the 22 frequency bands. 2 The results of this analysis are plotted in Fig. 2 .
Each panel in Fig. 2 shows the TMRs for one fixed masker location ͑indicated by the inset icon͒, with each combination of the ear ͑solid versus dashed lines for right versus left ear, respectively͒ and the spatial configuration ͑thin versus thick lines for colocated versus spatially separated͒ plotted separately. ͑Note that the dashed and solid thin lines lie nearly on top of each other, so only the solid thin lines are easily visible.͒ TMRs for the colocated configurations ͑thin lines͒ were approximately zero ͑or less than zero at the edges where no target energy was present͒, independent of the masker location ͑across panels͒ or the ear ͑solid versus dashed thin lines͒. The spatially separated TMRs were frequency dependent and varied both with the ear ͑solid versus dashed thick lines within each panel͒ and with the masker location ͑panel A versus panel B versus panel C͒. The largest improvement in TMR with spatial separation was approximately 5 dB in panel A ͑right-ear channel centered at 1 kHz͒, approximately 20 dB in panel B ͑right-ear channel centered at 8 kHz͒, and approximately 22 dB in panel C ͑left-ear channel centered at 8 kHz͒. Assuming that the listeners detect the target by detecting its presence due to the energy effects in the frequency channel with the most favorable TMR, detection performance with spatial separation is expected to improve due to the spatial configuration by an amount equal to the maximum TMR shown in each panel of Fig. 2 . Note that this analysis assumes that, in each condition, performance is determined solely by the single frequency channel with the most favorable TMR and that the threshold TMR calculated in 1 / 3-octave band is the same for all frequency channels. Therefore, this analysis ignores possible contributions of across-frequency integration and binaural processing. Moreover, the exact TMRs computed in this way will depend on the detailed shapes of the peripheral auditory filters used, as well as how they change with center frequency, so that slightly different corrections would be found with different filter assumptions. However, this analysis provides a firstorder correction for the wide variation in TMR with frequency caused by HRIR processing. Figure 1͑b͒ shows the threshold TMRs in the best frequency channel, determined by adding the best-channel correction ͑i.e., the peak values from Fig. 2͒ to the respective thresholds in Fig. 1͑a͒ . Colocated thresholds ͓open symbols in Fig. 1͑b͔͒ were essentially unchanged, as the TMR correction was near zero at all frequencies. However, correction of the spatially separated configurations reduced the effect of spatial separation to the point that many spatially separated thresholds ͑e.g., all thresholds with masker at −45°͒ were actually higher ͑performance was worse͒ than the corresponding colocated thresholds. Although this correction removed a good portion of the spatial effects on performance, ANOVA performed on the better-ear, best-frequency corrected thresholds found the same significant main factors and interactions as did the uncorrected thresholds ͓Fig. 1͑a͔͒ suggesting that the correction, while reducing the dependence of thresholds on the masker location, did not account for all of the variation in performance with spatial configurations.
Additional correction for frequency dependence of threshold TMR
The better-ear best-frequency correction yielded threshold TMRs that were much more similar than the uncorrected TMRs. To the extent that this correction was sufficient to account for the behavioral results, it suggests that ͑a͒ the threshold TMR is the same in all channels independent of frequency, ͑b͒ a simple 1 / 3-octave filter is an adequate representation of auditory filtering for the current analysis, and ͑c͒ there is no contribution of across-frequency integration or binaural processing to performance. The effect of any deviation from these assumptions is likely to depend on the spectral profiles of the target and masker signals, which differ with spatial configuration ͑see Fig. 2͒ .
We now examine the assumption that threshold TMR in 1 / 3-octave band is constant as a function of frequency. In a previous study that measured SRM for broadband chirp-train signals masked by noise, threshold TMRs for narrowband targets were not constant as a function of frequency; instead, threshold TMRs were lower for higher-frequency targets ͑Kopco, 2005͒. When listening in a 9 kHz channel, bestchannel analysis based on 1 / 3-octave filtering yielded thresholds that were nearly 4 dB lower than threshold TMRs using a 1 kHz channel. A simple frequency-dependent linear correction fit these earlier results relatively well ͑Kopco, 2005͒. The same correction, derived from the empirical fit to the data in this previous study, was applied to the current results:
Here, TMR uncorrected are the data from Fig. 1͑b͒ , CF is the center frequency of the best-TMR filter in Hz, the constant k 1 was fitted to Kopco's ͑2005͒ data ͑k 1 was estimated to be −4.9ϫ 10 −4 dB/ Hz͒, and the constant k 2 was arbitrarily set to 1.34 dB to minimize the offset of the corrected data from the raw colocated data. ͑Note that the constant k 2 does not influence relative comparisons, as it shifts all data points by the same amount, but simply accounts for the absolute value of the TMR threshold͒. The frequency-corrected best-TMR model uses the same assumptions as the best-channel TMR correction shown in Fig. 1͑b͒ , except that it relaxes the assumption of a constant frequency-independent threshold TMR sensitivity. Instead, threshold TMR is assumed to decrease linearly with increasing center frequency. Figure 1͑c͒ shows the thresholds corrected by Eq. ͑1͒. Compared to the graphs in Fig. 1͑b͒ , the corrected spatially separated thresholds ͓filled symbols in Fig. 1͑c͔͒ were always better than or equal to the corresponding colocated thresholds ͑open symbols͒. Thresholds were roughly equal across all masker locations ͓in Fig. 1͑c͒ , the M 0°, T 90°t hresholds were approximately equal to the corresponding M −45°, T 45°thresholds, as well as to the M 90°, T 0°thresh-olds; the trend was confirmed by data shown in Fig. 1͑f͒ from Experiment 2͔. Because the same correction was applied to all thresholds for a given spatial configuration, independent of the modulation condition, colocated thresholds still changed more as a function of the modulation condition than did the spatially separated thresholds. ͑Supporting these observations, ANOVA performed on the corrected data only found one significant interaction, modulationϫ separation, F 4,24 = 7.65, p Ͻ 0.0005; all three main effects were significant, with p Ͻ 0.05.͒ With these corrections, the spatially separated thresholds were only consistently lower than colocated thresholds in the no-modulation, in-phase modulation, and target-only modulation conditions ͓filled versus open circles, triangles, and squares in Fig. 1͑c͔͒ . Colocated and spatially separated thresholds were statistically indistinguishable in the masker-only modulation and out-of-phase modulation conditions for all spatial configurations.
Given the similarity of the corrected best-channel threshold TMRs at different masker locations ͓Fig. 1͑c͔͒, there only appears to be a modest effect of across-frequency integration in this study ͑i.e., there are no large differences across different spatial configurations, even though the best frequency and the overall shape of the better-ear TMR as a function of frequency vary dramatically with spatial configuration͒. Similarly, spatial processing only appears to contribute when the masker is modulated in a way that does not provide glimpses of the target ͑in the no modulation, inphase modulation, and target-only modulation conditions͒.
In all of the following sections, the frequency-corrected best-channel TMR thresholds ͓from Figs. 1͑c͒ and 1͑f͔͒ are used because ͑1͒ this correction accounts for the dependence of the thresholds on the masker location; ͑2͒ even though consideration of binaural processing and across-frequency integration could also produce corrections that explain some of the variability as a function of the masker location, 4 parsimony argues that these factors played only minor roles in this experiment; and ͑3͒ the fact that spatially separated configurations produce thresholds that depend less on the modulation condition than do colocated configurations is independent of the method used to account for energy effects or of the masker location. ͑However, note that it is currently not clear what causes the frequency dependence of the 1 / 3-octave filtered threshold TMRs.͒
Results collapsed across the masker location
To better assess the interaction between modulation and separation, Fig. 3 shows the data collapsed across masker location. Figure 3͑a͒ plots the across-subject mean threshold TMRs in the best 1 / 3-octave channel ͑and within-subject standard deviation, chosen here because it removes the between-subject differences from the computation of stan-dard deviation 5 ͒ as a function of the modulation type. The large filled and open symbols represent the spatially separated and colocated thresholds, respectively ͑the small symbols represent the results of Experiment 2, discussed in Sec. IV B͒.
The effect of modulation on performance was similar for colocated and separated spatial configurations. Thresholds were essentially the same for the no-modulation, in-phase comodulation, and target-only modulation conditions ͓com-pare large open and filled circles, triangles, and squares in Fig. 3͑a͔͒ . Performance with masker-only modulation ͑pen-tagrams͒ and out-of-phase modulation ͑hexagrams͒ was better, with lower thresholds.
Although the rank ordering of thresholds was the same for colocated and spatially separated conditions, the dependence of the thresholds on modulation was slightly stronger when the sources were colocated than when they were spatially separated ͑large open symbols span a range of nearly 7 dB, while the large filled symbols span a range of about 4 dB͒, suggesting that spatial separation affects performance differently for different modulation conditions. This SRM ͓the difference between the open and filled symbols in Fig.  3͑a͔͒ is plotted as a function of the modulation condition in Fig. 3͑b͒ . This panel shows the across-subject mean ͑and the within-subject standard deviation 5 ͒ of the difference between the spatially separated and corresponding colocated thresholds from panel A.
One-way repeated-measures ANOVA found a significant effect of modulation on SRM ͑F 4,24 = 11.44, p Ͻ 0.0001͒. The results of Bonferroni-corrected post hoc pairwise t-tests ͑which account for heterogeneity of variances; e.g., Ury and Wiggins, 1971͒ as implemented in the CLEAVE package ͑Her-ron, 2005͒ are also shown in Fig. 3͑b͒ . The horizontal lines under the large symbols in Fig. 3͑b͒ indicate those pairs of conditions in Experiment 1 that did not differ at the p Ͻ 0.01 significance level ͑all other pairs were significantly different from one another͒. The no-modulation, in-phase modulation, and target-only modulation SRMs were not significantly different from one another. Similarly, the maskeronly modulation versus out-of-phase modulation SRMs were not significantly different from one another. However, the modulation type had a small but significant effect on the SRM: compared to no-modulation, in-phase modulation, or target-only modulation ͓circle, triangle, and square in Fig.  3͑b͔͒ , modulating only the masker ͑pentagram͒ or modulating the target and masker stimuli with opposite phases ͑hexagram͒ decreased the SRM by roughly 1.5-2 dB ͑p Ͻ 0.01͒, resulting in no benefit of spatial separation in the latter modulation conditions.
Finally, as discussed in the Appendix, learning affected SRM: in the first of the five repeats of this experiment, the SRM was essentially the same for all types of modulation ͑the largest difference was less than 1 dB͒. However, by the fifth repeat, the difference between the target-only modulation and the out-of-phase modulation grew to more than 4 dB. Thus, the average effect plotted in the data collapsed across the repeats is smaller than might be seen after extensive training.
B. Experiment 2: Masker level roved
To isolate the contribution of the overall level cue to performance, Experiment 2 was performed with the masker level roved between the intervals within a trial, a strategy used extensively in the profile analysis literature ͑Mason et Kidd et al., 1989͒ . The ͑T 90°, M 90°͒ colocated condition was added to balance the number of colocated and spatially separated conditions; otherwise, Experiment 2 was identical to Experiment 1, except with a random Ϯ5 dB intensity rove added from interval to interval.
Overall results
Panels D, E, and F in Fig. 1 present the results of Experiment 2 in a format identical to Experiment 1 ͑see Sec. IV A͒. The raw data in Fig. 1͑d͒ followed the same trends as in Experiment 1. The spatially separated thresholds ͑filled symbols͒ were almost identical to those found in Experiment 1. The colocated thresholds for the no-modulation ͑circles͒ and in-phase modulation ͑triangles͒ conditions tended to be worse than in Experiment 1. However, the level rove had little effect on the remaining colocated configurations ͑a direct comparison is presented below͒. This result suggests that overall level was the main cue used for detection only in the colocated configurations in which the target and masker had identical temporal envelopes, a conclusion that was confirmed by a comparison of the data in panels E and F to respective panels B and C. ͑ANOVAs performed on the raw and corrected Experiment 2 data from panels D, E, and F found the same significant main effects and interactions as the respective ANOVAs performed on the Experiment 1 data.͒ 
Results collapsed across the masker location
In order to analyze the interaction between modulation and spatial separation, the data were collapsed across the masker locations. To allow a direct comparison of the effect of masker level uncertainty, Fig. 3 shows the results for Experiment 2 ͑the small symbols slightly offset to the right͒ plotted alongside the data from Experiment 1 ͑larger symbols͒.
The filled symbols in Fig. 3͑a͒ show the spatially separated thresholds. Roving the masker level had essentially no effect on any of the spatially separated thresholds ͑compare the small and large filled symbols from Experiments 2 and 1, respectively͒. In contrast, all colocated thresholds were larger in Experiment 2 than in Experiment 1 ͑the small open symbols fell above the corresponding large open symbols͒. The largest increase ͑around 7 dB͒ was observed when the target and masker had identical temporal envelopes ͑i.e., in the no-modulation and in-phase comodulation conditions; circles and triangles͒. In the three remaining modulation conditions, the masker-level rove increased thresholds by approximately 2 dB. Figure 3͑b͒ shows that, as a consequence of the effects of the level rove on the colocated configurations, the SRM was much larger in Experiment 2 than in Experiment 1 in the conditions in which the target and masker had the same temporal envelope. A one-way repeated-measure ANOVA revealed a significant effect of modulation on the SRM ͑F 4,24 = 35.55, p Ͻ 0.0001͒. Bonferroni-corrected post hoc pairwise t-tests found no significant differences between unmodulated and comodulated SRMs, target-only and masker-only modulated SRMs, or the masker-only and out-of-phase modulated SRMs ͑see the horizontal bars above the pairs of small symbols that were not significantly different; p Ͼ 0.01͒. All other pairs of modulation conditions showed statistically significant differences.
The results in Fig. 3 suggest that overall level was used to detect the target when the colocated target and masker had the same envelope. For wideband noise, the smallest detectable intensity change ⌬I is proportional to the base line intensity, I, so that ⌬I / I is approximately constant with values between −9 and −6 dB over a large range of I ͑20-100 dB above the absolute thresholds; Moore, 2003͒. The results for colocated identically modulated stimuli in Experiment 1 match these data well, with TMR thresholds of approximately −5 dB ͓large open circles and triangles in Fig. 3͑a͔͒ . If overall level was the only available cue in this twoalternative forced-choice task and the external noise of the 10 dB rove dominated performance, then the TMR at detection threshold would be 1.07 dB for an ideal observer ͑Durlach et al., 1986; Green, 1988͒, which is remarkably close to the actual thresholds observed for the identically modulated and in-phase modulated conditions, where threshold TMRs were around 2 dB. In most previous studies of the effect of rove on profile analysis, the rove yielded performance that was worse than was predicted for an optimal observer ͑Spiegel et al., 1981; Mason et al., 1984͒ . Thus, even the fact that thresholds are slightly higher than the ideal-observer prediction is consistent with past work. Moreover, the no-modulation and in-phase comodulation thresholds were very similar to each other, suggesting that the fluctuating envelope in the latter condition did not make it harder to judge the levels in the different intervals.
In conditions for which target and masker were colocated but had different temporal envelopes, performance was much better than would be predicted if the main cue used for target detection was overall intensity, showing that some other nonlevel cue was the main feature used to detect the target. Nevertheless, in such conditions, the rove interfered slightly with performance, a result that suggests that the intensity rove made it more difficult for listeners to extract whatever feature was the main detection cue when target and masker were colocated.
C. Modulation detection
To understand the effects of modulation on performance, two analyses were performed. First, the instantaneous TMR was analyzed. In this analysis, predictions were based on detecting the target by hearing its effect at the best instant in time. A second analysis assumed that the listeners detected the target+ masker interval by detecting a modulation depth that was different from the masker-only modulation ͑in the nontarget intervals͒.
Listening at peaks and dips: Instantaneous TMR analysis
The presence of modulation in the stimuli caused the instantaneous TMR to change over time. Humans appear to utilize these changes and detect the target in moments when the TMR is most favorable, both in monaural ͑Buus et al., 1996͒ and binaural ͑Buss et al., 2003͒ listening tasks, even though this ability can differ across subjects ͑e.g., see Buss et al., 2007͒ . Of course, given that the ability to utilize these cues is limited by the temporal resolution of the auditory system, factors like forward masking are likely to influence the ability to listen in dips ͑Widin et al., 1986; Wojtczak and Viemeister, 2005͒ . While the present analysis does not consider these limitations, it does provide an upper limit on how much the listeners could have benefited from changes in the instantaneous TMR. Specifically, if one assumes that the peak TMR produced after temporal integration over some fixed time window predicts performance, the current analysis gives the limit of performance if temporal resolution is infinitely precise, leading to an effective time window that is infinitely narrow. Conversely, the overall-TMR analysis shown in Fig. 3͑a͒ shows predictions for an infinitely long time window. Any finite-length time window must produce results intermediate between these two extremes.
In the colocated conditions with identical modulation ͑no modulation and in-phase comodulation; circles and triangles͒, the TMR was constant over the duration of the stimulus. In the conditions with different target and masker modulations, the difference between the long-term TMR and the peak instantaneous TMR depended on which stimulus was modulated. Because the modulation envelope was sinusoidal in pressure units, the effect of modulation on the instantaneous sound pressure level was not symmetrical in decibel units. For sinusoidal modulation with a modulation depth of 0.5 ͑used in this study͒, the instantaneous signal level at the minima of the modulation envelope was 6 dB lower than the level with no modulation, while the level at the peaks of the modulation envelope was 3.5 dB higher than the unmodulated level. Figure 4͑a͒ plots the best instantaneous TMR in the frequency-corrected best 1 / 3-octave channel at threshold, determined by adding the instantaneous-TMR-benefit corrections ͑described above and listed in the inset͒ to the longterm frequency-corrected TMR thresholds in the best frequency channel ͓from Fig. 3͑a͔͒ . ͓Note that for each modulation condition, colocated and spatially separated thresholds have the same instantaneous-TMR-benefit correction, so that this correction does not influence SRM, shown in Fig. 3͑b͒ .͔ As seen in Fig. 4͑a͒ , the peak instantaneous TMR at detection threshold falls between −4 and 0 dB for the conditions in which the target and masker envelopes differ ͓target modulation, masker modulation, and out-of-phase modulation conditions; large open squares, pentagrams, and hexagrams in Fig. 4͑a͔͒ . These values are higher than the intensity just noticeable difference ͑JND͒ ͑−9 to − 6 dB, as discussed above͒, suggesting that listeners were unable to make use of the peak instantaneous TMR to detect the target based on changes in overall intensity. Given that the longterm average TMR does not capture the differences in thresholds as a function of modulation type ͓if it did then the thresholds represented by the large open squares, pentagrams, and hexagrams would be constant in Fig. 3͑a͔͒ , while the instantaneous TMR predicts performance that is too poor ͑even though it is approximately constant͒, it is possible that predictions based on the TMR averaged over an appropriate finite-length time window could account for detection based on changes in intensity. However, if performance were based on the same intensity cue for cases when target and masker had the same envelope and cases when the target and masker envelopes differed, the effect of intensity rove should be similar in all conditions. Instead, intensity rove affected performance in the different conditions very differently, suggesting that some cue other than overall intensity integrated over some finite-duration time window enabled target detection when target and masker envelopes differed.
Effect of the target on the masker envelope modulation
One attribute that is affected by the addition of the target to the masker is the shape of the total stimulus envelope ͑Dau et al., 1997͒. The salience of any change in the envelope due to the presence of the target depends on the relative levels of the target and masker as well as on the modulation condition. In the target-only-modulated condition, modulation is only present in the target interval and listeners may detect the target by detecting the presence of modulation. In the masker-only-modulated and the target-and-maskermodulated-out-of-phase conditions, the addition of the target decreases modulation depth from the 0.5 depth in the nontarget intervals and listeners may discriminate changes in the modulation depth to detect the target.
Detection and discrimination thresholds for modulation can be expressed as the modulation index 10 log 10 ͉m c 2 − m s 2 ͉, where m s represents the modulation depth of the standard ͑i.e., in the nontarget interval͒ and m c is the modulation depth of the stimulus at discrimination threshold ͑i.e., the modulation depth of the combined target+ masker signal in the target interval͒. The current target-modulated thresholds can be estimated either from previous modulation detection data ͑Viemeister, 1979; Dau, 1996͒ or from discrimination data using a standard with a very low modulation depth ͑Wakefield and Viemeister, 1990, and Dau and Ewert, 2004; summarized in Fig. 2 of Dau and Ewert, 2004͒. 6 For modulation detection, the modulation index at threshold is in the range from −23 dB ͑Viemeister, 1979͒ to −18 dB at threshold ͑Dau, 1996͒. The results from modulation discrimination experiments ͑Wakefield and Viemeister, 1990͒ suggest that modulation index thresholds are near −23 dB for standard depths less than −30 dB.
Thresholds from a previous modulation discrimination study ͑e.g., Dau and Ewert, 2004͒ can be linearly approximated as 10 log 10 ͑m c 2 − m s 2 ͒ = 10 log 10 m s 2 − 4, from which the predicted threshold for a decrease in modulation from the standard of m c = −6 dB can be estimated as 10 log 10 ͑m c 2 − m s 2 ͒ = −11 dB ͓thresholds from Wakefield and Viemeister ͑1990͒ are approximately 1 dB larger than the Dau and Ewert ͑2004͒ thresholds when analyzed in this way͔.
In order to compare the current data to these predictions, the relationship between the threshold TMRs and the modulation depth of the combined stimulus was examined for our stimuli. However, combining a SAM noise and an unmodulated noise does not produce a stimulus with sinusoidal amplitude modulation. The relation between the threshold modulation and threshold TMR was estimated by determining the maximum and minimum amplitudes, of the combined stimulus envelope and then finding the modulation depth of a SAM stimulus that would give the same maximum and minimum ͑although the exact shape of the modulation envelope differs, the difference is relatively small, especially near threshold͒. The resulting relationships for the three differential modulation conditions in this study ͑and for the target and/or masker modulation of 0.5͒ are as follows.
In where TMR is the threshold TMR in the best channel ͑from Fig. 3͒ in pressure units and m is the threshold modulation depth of an equivalent SAM noise. These equations can be inverted to estimate the target+ masker modulation depth at target detection threshold for the measured results. Figure 4͑b͒ shows data for the three modulation conditions in which target modulation is different from the masker modulation, expressed as the difference in modulation depth between the target+ masker interval and the reference masker-alone interval ͑the modulation conditions for which the target and masker have the same envelope were not included in this analysis because there is no change in modulation with addition of the target͒. Also shown are the predictions estimated from results of Viemeister ͑1979͒, Wakefield and Viemeister ͑1990͒, Dau and Ewert ͑2004͒, and Dau ͑1996; see dashed lines͒.
The thresholds for the colocated stimuli with fixed masker levels ͑open large symbols͒ generally match the previous detection and discrimination data fairly well for all three types of modulation, suggesting that the listeners detected changes in modulation depth in these conditions. The spatially separated thresholds are only lower ͑detection is easier͒ than the colocated thresholds in the target-modulation condition, when the listeners do not ever get a good "glimpse" of the target ͑large filled versus open squares͒. At first glance, the fact that the spatially separated thresholds fall within the range of the previous modulation detection data ͑i.e., between the dotted lines marked by D and V, VW͒ seems to suggest that the listeners did not benefit from spatial cues in this condition. However, given the large difference between the D and the V, VW thresholds, and given that there is a consistent difference between the colocated and spatially separated thresholds in the current study, it is clear that the listeners did use the spatial separation cue, in addition to modulation, here.
Finally, although the effect is small, colocated roved thresholds ͑open small symbols͒ consistently fall above the range of thresholds observed in previous studies which did not rove the stimulus presentation level. This shows that overall level rove impaired the listeners' ability to detect or discriminate modulation in the current study.
V. DISCUSSION
Noise-on-noise threshold TMRs changed over a range of 30 dB ͓Figs. 1͑a͒ and 1͑d͔͒, and were influenced by the spatial configuration of the target and masker, the type of modulation present in the stimuli, and a rove of the masker level. Moreover, as discussed in the Appendix, these differences appear to increase with experience. A large part of the variability in performance across the tested conditions ͑as much as 20 dB͒ came from the changes in the target and masker energy levels received at the ears when the target and masker locations changed. Specifically, if one considers the TMR within the best 1 / 3-octave frequency channel in the acoustically better ear, threshold TMRs ranged only over 5 dB across different spatial configurations. If one then corrects these detection thresholds based on the detection threshold differences across frequency, 3 threshold TMRs were even closer, spanning a range of only about 1 dB across the different spatial configurations for a given modulation condition.
As shown in Fig. 2 , the way in which TMR varies with center frequency differs dramatically across the spatial configurations used in this study. Therefore, any contributions of ITD and across-frequency processing to performance are likely to depend on masker location. However, no large differences were observed after applying frequency-dependent corrections to the TMR in the best frequency channel. Thus, for the broadband stimuli used here, both binaural and across-frequency contributions to performance appear to be modest. Frequency-dependent TMR thresholds could also explain the results of a previous related experiment without considering any across-frequency integration or binaural processing ͑Lane et al., 2004͒. Together, these results suggest that low-level binaural processing does not contribute very much to spatial unmasking when detecting a broadband target in a broadband masker ͑although it can contribute significantly when the target is narrowband; e.g., see Kopco and Shinn-Cunningham, 2003͒ .
The benefit of spatial separation found in the current results is similar for all spatial configurations, even though the best frequency channel is sometimes in a low-frequency region where binaural processing is expected to provide a large benefit and sometimes in a high-frequency region where binaural processing typically provides much more modest benefits ͑Zurek, 1993; Kopco and ShinnCunningham, 2003͒ . This suggests that differences in the perceived spatial attributes of the stimuli ͑which depend both on low-frequency ITDs as well as high-frequency interaural level differences and spectral cues͒ are responsible for the spatial unmasking not explained by changes in the TMR at the better ear, rather than binaural processing that operates primarily at low-frequencies ͑unmasking caused by interau-ral decorrelation; Colburn, 1977͒; ͑see Freyman et al., 1999, for another study contrasting how spatial perception and binaural processing contribute to spatial unmasking͒.
Both modulation and intensity rove influenced the SRM, defined as the difference between the best-channel threshold TMRs with colocated and spatially separated stimuli. With the masker level fixed, SRM was comparable for nomodulation, target and masker in-phase modulation, and target-only modulation configurations, but SRM was statistically insignificant when only the masker was modulated or target and masker were modulated out of phase ͓see Fig.  3͑b͔͒ . Uncertainty about the masker level increased SRM in all modulation conditions, but the size of this effect depended on the modulation in the stimuli. For the level-roved stimuli, SRM was 7 dB larger when the target and masker have the same temporal envelope, but only 2 dB larger when the stimuli had different modulation. These results can be understood by considering how and when listeners use overall level, modulation, and spatial cues to detect the presence of the target.
A. Overall level
Detection in the colocated, identically modulated conditions ͓i.e., when neither modulation nor spatial cues were available for target detection; open circles and triangles in Fig. 3͑a͔͒ appears to be based on detecting changes in overall intensity. This conclusion is supported by ͑1͒ the observed good match between thresholds in these conditions and predictions from previous intensity JND studies ͑Experiment 1͒ and ͑2͒ the effect of the intensity rove in these conditions ͑Experiment 2͒, which increased detection thresholds to just above that expected for an ideal observer using overall level as the detection cue ͑Green, 1988͒. ͑However, note that there were small gating asynchronies and spectral differences between the target and masker signals that could have contributed to the detection of colocated identically modulated targets.͒
B. Space cue alone
When stimuli differed in their spatial locations but not in their modulation ͓filled circles and triangles in Fig. 3͑a͔͒ , a consistent improvement in performance was observed, showing that spatial separation provided benefits beyond the improvements in the better-ear TMRs. Changes in the spatial attributes of the target+ masker versus masker-only stimuli ͑such as perceived spatial width͒ likely were used to detect the target at threshold, a conclusion particularly supported by the fact that the threshold was not influenced by the intensity rove ͓large and small filled circles and triangles are the same in Fig. 3͑a͔͒ .
C. Modulation cue alone
Differences in the target and masker modulations led to some improvements in detection when the target and masker had the same location, but not in all conditions. Modulation led to lower thresholds when only the masker was modulated and when the target and masker were modulated out of phase, independent of whether the overall level was roved or not ͓compare open pentagrams and hexagrams to open circles and triangles in Fig. 3͑a͔͒ . When the level was roved, modulation also improved detection when only the target was modulated ͓compare small open square to small open circle and triangle in Fig. 3͑a͔͒ . However, when the level was fixed, the target-only modulation did not improve performance compared to when there were no modulation cues to detect the target ͓compare large open square to large open circle and triangle in Fig. 3͑a͔͒ .
The intensity rove caused modest degradations in performance when colocated target and masker had different modulation envelopes, hinting that the listeners might have used the overall level cue ͑selected at the most favorable TMR instances͒ instead of the modulation cue in these conditions. However, given that the rove effects were much smaller than when target and masker had identical envelopes, and that the thresholds in these cases were better than ͑i.e., below͒ those predicted for an ideal observer using intensity increments to detect the target ͑Green, 1988͒, it is unlikely that the listeners used overall level to detect the presence of the target in these conditions ͓small open squares, pentagrams, and hexagrams in Fig. 4͑a͔͒ . Instead, it seems that roving overall level made it slightly harder to judge the changes in modulation caused by adding a target to a masker in these tasks. However, in the target-only modulation condition, the long-term TMR threshold is comparable to that for the no-modulation and in-phase modulation conditions when the level is fixed ͓large open square, triangle, and circle are comparable in Fig. 3͑a͔͒ . Moreover, when the level was not roved, the spatial separation improved performance by similar amounts when only the target was modulated and in the cases where the level was clearly the cue for detection ͑no modulation, in-phase modulation͒. Thus, for the targetonly modulation condition, it is possible that the subjects used an overall level to detect the target when the level was roved and used a modulation to detect the target when the level varied randomly from interval to interval.
Another result hinting that the subjects' behavior might have been more complex than just detecting the modulation depth is that no similar effect of an intensity rove was seen in a previous study that measured modulation discrimination ͑Stellmack et al., 2006͒. However, this difference in the effect of an intensity rove in the two studies may be due to the differences in the instructions given to subjects. In the previous study, listeners were instructed to detect changes in the modulation depth of a single stimulus, while in the current study they were presented with examples of the masker and target at the start of each block and instructed to detect the presence of the target. This priming may have enhanced the likelihood that listeners perceptually segregated the target from the masker in the current study, or that they switched cues between the rove and no-rove experiments, rather than detecting the target+ masker interval by perceiving a change in masker attributes. However, further experiments are required to explore which of these alternatives is correct.
D. Space and modulation
Spatial separation did not always improve detection beyond performance for colocated sources after accounting for the TMR at the best frequency in the better acoustic ear. Specifically, spatial separation did not improve detection very much, other than by changing TMR, when the masker envelope had dips, providing good glimpses of the target ͑in the out-of-phase and masker-only modulation conditions͒. As noted above, in these conditions, listeners appear to have detected the target by detecting changes in the modulation depth between the masker-only and target+ masker intervals, and spatial cues did not help in detecting these modulation changes. However, when the intensity rove was added in these conditions, the modulation-based colocated detection performance was impaired, while the spatially separated performance was not. Thus, spatial cues helped, bringing the spatially separated threshold to the no-rove levels, possibly by making it easier to use the modulation cue optimally.
When only the target was modulated, spatial cues provided a significant improvement in performance both when intensity was fixed across intervals in a trial ͑Experiment 1͒ and when intensity was roved ͑Experiment 2͒. For these stimuli, listeners were never given a good glimpse of the target, because the masker envelope was constant. In addition, the spatially separated thresholds were almost identical to the thresholds in the no-modulation and in-phase modulation conditions, and the size of the spatial benefit in the norove experiment was nearly identical to that in the nomodulation cue conditions. There are two possible explanations for the listeners' behavior in the target-only modulation condition when overall level was not roved. One possibility is that when the target and masker were colocated, listeners used an overall level to detect the target, and when target and masker were spatially separated, listeners used a spatial cue to detect the target. If so, then the modulation and spatial cues were subadditive in the target-only modulation case: listeners either used space or modulation. Alternatively, listeners may have used the modulation cue in the colocated target-only modulated condition and a combination of modulation and space cues in the spatially separated condition. If so, then spatial and modulation cues combined additively for this condition, but were combined subadditively in the masker-only and out-of-phase modulation conditions.
E. Final comments
After accounting for the better-ear acoustic benefit of spatial separation, the current study did not find any evidence for superadditive combination of modulation and space cues for detecting a broadband target embedded in a broadband masker. The results are consistent with two interpretations of the behavior when both cues were available and the level was fixed: ͑1͒ the subjects always used one of the cues, getting no benefit from the other one, or ͑2͒ the combination of modulation and space cues was additive when only the target was modulated, but the space cue contributed nothing to detection in the conditions in which the masker envelope was modulated and provided glimpses of the target. However, when the overall level was roved, spatial cues always helped performance when modulation was the main detection cue.
These results confirm the first of the proposed hypotheses ͑H1͒. The combined effect of modulation and spatial separation on detection is asymmetrical in that spatial separation improves detection performance more when the target is modulated and the masker is unmodulated than when the masker is modulated.
The results contradict our second hypothesis ͑H2͒. The combined effect of modulation and separation does not depend on the specific location of the target and masker, even though the contribution of binaural and across-frequency processing likely would vary in the different configurations. This result argues that the combined effect of modulation and spatial cues occurs at a stage that is later in the processing stream than the binaural processing occurring in the brainstem.
In contrast to the current stimuli, everyday auditory scenes contain objects that differ along many more dimensions than just their temporal envelopes and locations. It is difficult to extrapolate these findings to predict how modulation and spatial cues may interact for more complex stimuli. Nonetheless, it is likely that the main result, that modulation and space cues tend to contribute to detection subadditively, will also hold true for other stimuli differing in their spatial positions and modulation structure. However, it is also important to consider how our detection results compare to suprathreshold tasks, such as understanding speech embedded in fluctuating maskers. We find it intriguing that there is essentially no evidence for across-frequency integration in our experiments. In contrast, across-frequency integration is the basis of models that predict speech intelligibility in noise ͑e.g., see Zurek, 1993͒ . We believe that the key difference between these results is that in our simpler detection task, any glimpse of the target ͑at any frequency͒ is sufficient for detection. In contrast, understanding speech requires the integration of information from different frequency bands and estimation of the absolute spectrotemporal content of the speech target. Thus, while the current results may be helpful in predicting how listeners detect a complex signal embedded in a competing fluctuating masker, they are only a first step in understanding how we analyze and understand the content of a complex signal in a setting containing multiple sound sources.
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APPENDIX: LEARNING
Previous studies show that modulation detection performance improves with training over the course of hours ͑Wakefield and Viemeister, 1990; Dau and Ewert, 2004; Fitzgerald and Wright, 2005͒. In the current study, subjects did not receive extensive training prior to the experiment; each performed only one practice session in which thresholds for all conditions were measured once each ͑25 combinations of modulation and spatial configuration in Experiment 1 and 30 combinations in Experiment 2͒. To evaluate how learning influenced the results, data were analyzed as a function of the experimental session.
A three-way repeated-measure ANOVA was performed for both experiments on the data collapsed across masker locations ͓as in Fig. 3͑a͔͒ , with factors of repeat ͑five levels͒, modulation type ͑five levels͒, and spatial separation ͑two levels͒. For Experiment 1, all two-way interactions were significant ͑repeatϫ modulation: F 16,96 = 2.11, p = 0.0134; repeatϫ separation: F 4,24 = 6.03, p = 0.0017; modulation ϫ separation: F 4,24 = 230, p Ͻ 0.0001͒, as were the main effects of modulation and separation ͑p Ͻ 0.0001͒. For Experiment 2, the results were very similar ͑repeatϫ modulation: F 16,96 = 1.69, p = 0.062; repeatϫ separation: F 4,24 = 20.96, p Ͻ 0.0001; modulationϫ separation: F 4,24 = 212, p Ͻ 0.0001; main effects of modulation and separation: p Ͻ 0.0001͒. These results show that performance changes over time, and that the change depends on the specific combinations of modulation and of spatial separation.
Post hoc inspection reveals that the largest changes in SRM over time arose when only the target was modulated and when the target and masker were modulated out of phase. Panel A of Fig. 5 shows the thresholds for these conditions ͑target-only shown as squares; out-of-phase target and masker modulation shown as hexagrams͒, collapsed across the masker location and plotted as a function of the repeat, for both spatially colocated ͑open͒ and separated ͑filled͒ conditions. Panel B shows the SRM. The left-hand and right-hand panels show data from Experiments 1 and 2, respectively. Each symbol represents the across-subject mean ͑and within-subject 95% CI͒ of the thresholds obtained for one combination of repeat, spatial configuration, and modulation types.
Overall, TMR thresholds generally improved over time, as illustrated by the downward trend in all the graphs in panel A. However, a more detailed inspection shows that the size of this learning effect differed in the different conditions, and that these differences were consistent across the two experiments. When the stimuli were spatially separated, the target-only modulated thresholds ͑filled squares͒ improved by 2 -3 dB over the five repeats, while the out-ofphase modulated thresholds ͑filled hexagrams͒ improved by 1 dB or less. On the other hand, when the stimuli were colocated, there was a roughly 3 dB improvement in the out-ofphase modulated thresholds ͑open hexagrams͒, while the improvement was negligible in the target-only modulated thresholds ͑open squares͒. As a result, the SRM tended to increase across sessions for target-only modulation stimuli but to decrease when the target and masker were modulated out of phase ͑panel B͒. Thus, while the SRMs for these two conditions differed by only about 1 dB in the first repeat, they differed by more than 4 dB by the fifth repeat.
At first glance, these changes seem difficult to understand. However, as discussed in the main text, spatial cues are generally not helpful for the out-of-phase conditions ͑hexagrams͒; in those conditions, performance is based on detecting ͑nonspatial͒ changes in modulation. The only effect of spatial cues in the out-of-phase modulation conditions was to make it easier to focus on this change in modulation ͑e.g., ignoring the distracting effects of intensity rove͒. Consistent with this, the main effect of learning in the out-of-phase modulation conditions is to improve how well listeners do when there are no spatial cues present and it is most difficult to focus attention on the modulation cue that underlies detection ͑open hexagrams͒.
In contrast, in the target-only modulation condition ͑squares͒, spatial cues provide a real advantage in target detection and allow detection at lower thresholds than when only monaural modulation and/or level cues are available. In these conditions, listeners improve most in their ability to use this subtle spatial cue ͑filled squares͒. However, listeners show little improvement in their ability to detect nonspatial changes in modulation or level with practice ͑open squares͒, perhaps because detection of modulation or detection of changes in level increases is a relatively simple task in which near-asymptotic performance is reached much faster ͑com-pared to the discrimination of modulation depth or detection of subtle spatial changes͒. As a result, SRM grows with time for the target-only modulation condition. The colocated spatial configuration with the target and masker at 90°was not measured in Experiment 1.
2
In the case of a sinusoidal target, this correction can be computed by considering only the TMR change at the target frequency ͑Shinn- . If the relative contribution of each frequency to task performance is known for a broadband signal, the frequencydependent TMR function can be used to predict performance ͑e.g., Zurek, 1993͒. 3 This simple linear correction is purely phenomenological, rather than based on theoretical considerations. To the extent that this is the right correction to apply, it may reflect systematic deviations in the degree to which 1 / 3-octave filters approximate peripheral filtering as a function of frequency, differences in the internal noise of different frequency channels, or other systematic effects of frequency.
4
Binaural and across-frequency processing may explain some of the dependence of the uncorrected thresholds on the masker locations. Specifically, in the spatially separated configuration of Fig. 2͑a͒ , the largest TMRs occur at low frequencies ͑below 2 kHz, full thick line͒ and the TMR profile in the right ear is relatively flat as a function of frequency. On the other hand, in the configurations of Figs. 2͑b͒ and 2͑c͒, the best frequency channel is at high frequencies and the TMRs vary significantly with frequency. These differences in the dominant spectral region suggest that binaural and across-frequency processing may contribute more to performance for the conditions of Fig. 2͑a͒ than in the other two configurations, consistent with results in Figs. 1͑b͒ and 1͑e͒ ͑filled symbols in the M 0°, T 90°configuration are below the filled symbols for the other two configurations͒. However, while the binaural and across-frequency processing may explain why threshold TMRs tend to be lower when the masker is at 0°compared to the other configurations ͓leftmost versus middle and rightmost plots of Fig. 1͑b͔͒ , they are not analyzed because ͑1͒ these factors cannot explain why some spatially separated thresholds are worse than the corresponding colocated thresholds in Figs. 1͑b͒ and 1͑e͒ , and 2 the correction based on the frequency-dependent best-channel TMRs accounts for these differences, without considering binaural and across-frequency processing.
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Within-subject standard deviations are computed by subtracting out the mean performance ͑averaged across conditions͒ for each subject prior to the computation of variability. This method for computing variability is analogous to using subject as a factor in ANOVA analysis. In particular, the remaining variability shows how variable the across-condition results are after removing differences in overall performance across subjects. See the Appendix of Kopco et al. ͑2007͒ for further descriptions of this analysis.
6
Comparisons of the current and previous results should be made with caution, as there are important differences in experimental procedures: for instance, none of the previous studies ͑Viemeister, 1979; Wakefield and Viemeister, 1990; Dau and Ewert, 2004; Dau, 1996͒ used the 40 Hz modulation frequency adopted in the present study. In addition, the current stimuli differ from the stimuli in the previous studies in their spectral content as they are filtered by the HRIRs.
